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APPARATUS FOR AUTOMATICALLY MEASURING MINUTE MEMBRANE POTENTIAL 



(57) An apparatus for automatically measuring 
minute membrane potential, based on a technique 
developed for controlling a membrane denaturation 
reaction without using a physical shearing force, for 
example, a method of causing the destruction of mem- 
brane at a limited portion of a living membrane by mak- 
ing a stimulus, such as light and a compound activated 
by the stimulus react with each other in a membrane, 
such as a living membrane, this method being applied 
to a minute electrode to facilitate the insertion thereof 
into a cell, which has been difficult in the use of a minute 
metal electrode, and enable membrane potential in a 
cell to be measured easily, the minute metal electrode 
enabling the integration thereof and the development of 
a neural interface in the barrier-free technology. 
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Description 

Technical Field 

[0001] The present invention relates to an appara- 5 
tus for measuring minute membrane potential, which 
measures a difference in potential between areas sepa- 
rated by a membrane or different positions on a mem- 
brane, such as an interior and exterior of a cell 
membrane, as well as an electrode constituting this 10 
apparatus. 

Background Art 



[0002] To deal with an aging society, a technical 15 
research area for directly supporting human lives is 
being expanded. This is called a "barrier-free technol- 
ogy" which supports deteriorated or lost functions of 
human bodies by improving the physical structures of 
social infrastructures such as towns and houses or 20 
developing new personally available equipment. Techni- 
cal developments based on this concept contribute to 
creating an environment where human beings live easy 
social lives whether or not they are physically handi- 
capped. 

[0003] The barrier-free technology initially concen- 
trated on electronics, machinery, and construction but is 
being gradually expanded; some recent studies for the 
barrier-free technology are directly related to medicine. 
Typical examples include research on advanced medi- 30 
cal equipment such as functional artificial hands or legs 
which supplement the functions of the bodies of handi- 
capped people or the like. Such equipment is now con- 
trolled using methods such as electromyographic 
detection or detection of motions of the eyes or tongue, 35 
but information obtained by these input means is quan- 
titatively significantly insufficient in terms of the amount 
of information required for motor and sensory functions 
of living bodies. If, for example, a person has lost his 
hand or leg due to a traffic accident or a war wound, he 40 
must have an artificial hand or leg. However, to control 
the operation of the artificial hand or leg as if it were an 
actual hand or leg and to feed back senses for temper- 
ature or contacts to the human body, a certain interface 
is required which can simultaneously measure action 45 
potential generated by individual nerves of a bundle of 
several hundred peripheral nerves and then input a cor- 
responding signal. Already developed such interfaces, 
however, are all insufficient. 

[0004] One of the most successful examples in the so 
field of direct exchanges of information between nerves 
and electronic equipment is equipment called artificial 
inner ear [Rehabilitation Medicine, 31 , 233-239 (1 994)). 
If an auditory defect occurs such that a portion between 
the tympanic membrane and the inner ear is prevented 55 
from functioning, the artificial inner ear executes the 
function of this portion by directly stimulating auditory 
nerves in the cochlear organ. The artificial inner ear 



processes a sound input through a microphone depend- 
ing on the auditory characteristic of this person to gen- 
erate a digital signal in order to electrically stimulate 
terminals of the auditory nerves, that is, cochlear 
nerves Spherical electrodes are generally arranged at 
about 22 locations inside the cochlea, where about 
30 000 auditory nerves are located, to input a sound 
signal to the nerves through the electrodes. For some 
time after the artificial inner ear has been implanted, 
most subjects feel that they hear very strange sounds, 
but once information processing in the brain has been 
adapted to the artificial inner ear, the subjects can dis- 
tinguish sounds. Analysis and improvement of elec- 
trodes for the artificial inner ear is a large research area. 
[0005] A substantial reduction in input auditory 
information from an inherent input through 30,000 
nerves to an artificial input through about 22 electrodes 
means that auditory information received by the brain 
also decreases down to 0.1% or less. Thus, regenera- 
tion of the sound listening ability depends on whether 
the brain can supplement and understand a substan- 
tially reduced amount of information. Several months 
are required to optimally adapt the auditory processing 
function of the brain to the artificial inner ear. The artifi- 
cial inner ear suggests possibilities of nerve interfaces. 
[0006] With the artificial inner ear, however, the 
electrodes are installed in the cochlear organ, where 
nerve terminals are exposed and lie over several cen- 
timeters. The nerve stimulating electrodes may be 
installed at nerve terminals exposed to the interior of the 
organ, so that it is not physically difficult to arrange the 
electrodes. In addition, in inputting a sound signal, it is 
very easy to analyze and determine those of the nerves 
which receive the signal and the frequency of the signal 
that can be received by these nerves. In this manner, 
the reasons why the artificial inner ear has successfully 
been put to practical use include many appropriate con- 
ditions for transmission of signals to the nerves through 
the electrodes. In other words, it is virtually impossible 
to directly apply the electrode technology for the artifi- 
cial inner ear to nerves other than the cochlear nerves. 
[0007] Many research institutes in the world are 
developing interfaces for exchanging information 
between nerve cells and electronic equipment; these 
studies can be roughly classified into two aspects. 
[0008] One of them is a medical technological 
approach where minute electrodes are implanted in a 
nerve bundle or the brain [IEEE Trans. Biomed. Eng., 
39, 893-902 (1992)] [IEEE Trans. Biomed. Eng., 41, 
567-577 (1994)] [IEEE Trans. Biomed. Eng., 41, 305- 
313 (1994)]. This approach attempts to provide termi- 
nals for obtaining a control signal for rehabilitation 
equipment directly from nerves or multichannel connec- 
tion terminals for inputting a signal to nerves. 
[0009] The other aspect is based on a long-term 
prospect for application of the information processing 
ability of nerve cells to computers [Bioelectrochemistry 
and Bioenergetics, 29, 193-204 (1992)] [Brain 
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Research, 446, 189-194 (1988)]. This approach pur- 
sues the possibilities of what is called "biocomputers* 
that use living cells as operation elements. 
[0010] Conventional nerve interfaces are roughly 
classified into the following three types: 

(a) Aggregate needle-shaped metal electrodes and 
needle point holder-shaped aggregate metal nee- 
dle electrodes [IEEE Trans. Biomed. Eng., 41, 
1136-1146 (1994)] 

(b) Axon regenerated matrix electrodes [IEEE 
Trans. Biomed. Eng., 39, 893-902 (1992)] [IEEE 
Trans. Biomed. Eng., 41, 567-577 (1994)] [IEEE 
Trans. Biomed. End., 41, 305-313 (1994)] 

(c) Flat cultured-nerve-cell electrodes on a sub- 
strate [Bioelectrochemistry and Bioenergetics, 29, 
193-204 (1992)] [Brain Research, 446, 189-194] 

[0011] Needle-shaped electrodes for measuring 
nerves have been used since the initial period of 
research on nerves, but the study of microneurography 
was the first to record the action potential of a single 
human peripheral nerve in situ [Clinical Electroen- 
cephalogram, 25, 493-500, 564-571, 629-638 (1983)]. 
The needle point holder-shaped electrode is one of the 
aggregate types in which this electrode is formed at a tip 
of a needle or on a side thereof and which is stuck to a 
severed nerve bundle or a tissue in the brain [IEEE 
Trans. Biomed. Eng., 41, 1136-1146 (1994)]. That is, 
the needle point holder-shaped electrode is obtained by 
three-dimensionally expanding the needle-shaped elec- 
trode using a micromachine technology. In a basic 
design, the needle-shaped electrode records a faint 
extracellular current from a nerve that is accidentally 
located close to the electrode section. Although the 
needle-shaped electrode can be used to measure a sin- 
gle nerve cell, this method is evidently not accurate 
enough to simultaneously measure a large number of 
nerves even if the degree of integration of needle- 
shaped electrodes is increased to enhance spatial res- 
olution, because the relative distance between each 
nerve and the electrode depends on accidents. 
[0012] The axon regenerated matrix electrode in 2 
is a field that has been expanded since 1992 when 
Stanford University conducted a relevant study, and 
many reports have recently been made on this elec- 
trode [IEEE Trans. Biomed. Eng., 39, 893-902 (1992)] 
[IEEE Trans. Biomed. Eng., 41, 567-577 (1994)] [IEEE 
Trans. Biomed. ENg., 41, 305-313 (1994)]. This elec- 
trode is obtained by integrating electrodes into a 16 x 1 6 
matrix or the like with a hole formed in each electrode 
section. The electrode is sandwiched between severed 
portions of a nerve bundle to record an extracellular cur- 
rent from each nerve axon regenerated through the cor- 
responding hole in the electrode. The axon regenerated 
electrode is advantageous in that the axon and the elec- 
trode are physically stably joined together and that a 
signal from the nerve axon passed through the hole in 



the electrode can be identified and detected. However, 
severing the nerve bundle obviously adversely affects 
the nerves, and the nerve axons regenerated through 
the holes in the electrodes amounts to only several per- 

5 cents of the entire nerve bundle. The axon regenerated 
electrode is expected to have its degree of integration 
increased so as to detect current in each nerve and to 
electrically stimulate each nerve. If, however, attempts 
are made to increase the degree of integration, the area 

70 of the electrode section per nerve must be reduced 
while the area required for a wiring section of the elec- 
trode must be increased. Consequently, the rate of 
opening necessarily declines to significantly affect the 
spatial resolution. 

75 [0013] The flat electrode method in 3 is often used 
for basic studies for biocomputers [Bioelectrochemistry 
and Bioenergetics, 29 : 193-204 (1992)] [Brain 
Research, 446, 189-194 (1988)]. In terms of extension 
of axons of nerve cells, various useful information has 

20 been obtained on the shape and material of a substrate 
to which a cell or an axon adheres and on an applied 
voltage. A problem of this method, however, is a small 
contact area between the electrode and the cell. A suf- 
ficient voltage and a sufficient contact area between the 

25 electrode and the cell are required to generate an action 
potential from the cell. Application of a high voltage, 
however, results in electrolysis of moisture, which is 
essential for a cell environment when the voltage 
exceeds about 1 .3 V. Thus, the applicable voltage is lim- 

30 ited. Since current density is also limited, the contact 
area between the cell and the electrode must necessar- 
ily be increased in order to effectively stimulate the cell. 
As a result, it is impossible to stimulate each single 
nerve cell, and the only possible method is to stimulate 

35 a mass of nerve cells on the electrode to obtain an inte- 
gration effect. 

[0014] A common disadvantage of these existing 
nerve interfaces is that they use the extracellular elec- 
trode- to measure an electromotive force of about sev- 

40 eral |iV induced by an action potential in the nerve 
based on a minor change in the concentration of ions 
outside the cell membrane. First, when the spatial reso- 
lution of the electrode is increased, the electrode picks 
up extracellular currents from cells in the neighborhood. 

45 Second, when the nerve is electrically stimulated to 
input a signal thereto, the electrode must provide a cur- 
rent much higher than an extracellular current from the 
nerve, thereby preventing measurements by other elec- 
trodes in the neighborhood. 

so [0015] The essence of nerve information is a mem- 
brane potential pulse from the nerve cell having a varia- 
tion of about 100 mV. Accordingly, appropriate 
electrodes for use in exchanging information between 
the nerve and the equipment must be able to contact 

55 hard with the cell membrane or to be inserted through 
the cell membrane in order to measure variations in 
membrane potential. 

[0016] The above-described interfaces using the 
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extracellular electrodes can obtain a certa.n amount^ of 
information from the nerve and stimulate the nerve. 
None of these electrodes, however, has an enough .spa- 
tial resolution to join to each nerve axon on a one-to-one 
correspondence, the nerve axon const.tut.ng a fiber or 
fitting information. This is essentia^a^- 
geous in mutually separating nerve s.gnals. Except for 
L centra, and terminal portions, the ent.re nerve axon 
has a mixture of inputs from a sensory organ to the 
center TSerent nerve fibers) and outputs from the 
* to a muscle or the like (efferent nerve f.bers). 
Thus when these interfaces have a low spat.a. resolu- 
tion input signals from the sensory organ and output 
signals to the muscle or the like are likely to be crossed. 
When nerve signals obtained are resolved and sepa- 
Ted into signals for the individual nerves, a problem 
occurs even with the matrix electrode, which appears to 
have been most successful among the interfaces and 
which have been experimented in in situ systems. 
r0017l That is, in controlling such human body sup- 
port equipment, the biggest problem to be solved ,s 
'how t efficient* exchange information directly between 
a normal nerve system and the electronic ^qu.pment 
Thus various research institutes are study.ng nen/e 
interfaces" using electrodes that can each be connected 
dTeSy to a nen,e, which is a source of living informa- 
tion In order to transmit information between the nerve 

ages of the existing nerve interfaces are related to the 
use of the extracellular electrodes. The current atoc- 
trodes that can input and output information to and from 
the individual nerve cell through the cel. membrane 
include minute electrodes and patch clamp electrodes 
both used for electrophysiological experiments^ The 
problems listed below, however, must be solved before 
these methods can be used for actual applications. 

1) Although a tip portion of the electrode whict .con- 
tacts with the cell is thin and has a d.amete 
between 200 nm and 2 pm, it is essentially drff cult 
to integrate these electrodes together because the, 
main body is composed of a glass tube of d.ameter 
several millimeters. 

2) When the electrode is connected to the cell, rt 
may destroy the cell membrane unless v.brat,on of 
a measurinq system is minimized. 

3) s"ce an operation of connecting the electrode to 
the cell is difficult, skills are required for the connec- 
tion operation. 

rod 91 To insert an existing electrode into the cell, a 
physical shearing force must be applied to the electrode 
to destroy the cell membrane. If the electrode uses as a 
materia, of a high physical strength sue . as 
gla P ss, the cell membrane can be destroyed by app y.ng 
a physical shearing force to the ^ ode ™*™^' 
however, is inappropriate for minute metal electrodes m 



terms of structure and strength. 
[00201 The existing cell membrane destroying 
method using only a physical shea ring force .s no the 
best method because the membrane .s shaped for a 
s h5h fluidity. That is, a sharp electrode alone cannot 
always Penetrate the cell membrane. It is particularly 
diS to insert the electrode into a cell in the order of 
tens of micrometers simply by physically press- 
? TZ electrode into the cell. A major reason why the 
„ patcTelectrode [Nature, 260, 799-802 1™**^ 
Arch 391, 85-100 (1981)] has been des.gned .s that 
tTn the minute glass electrode, which .s relative^ 
strong has the above problem; it is thus .mportant to 
improve the electrode inserting method. 
, 5 F00211 Some reports on the measurement of sur 
feces of living nerve cells using an atomic force micro, 
scope show that the cells were not damaged to the 
degree that the cytoplasm was subjected to leakage 
despite an increase in a contact pressure of a probe for 
20 inning and _ , a I 
LSTiSS-li is composed of phosphor-- 
p d whteh has a high fluidity. This high fluid rty was c - 
•med through studies of cel. fusion at the end of the 

S destruction of the cell membrane .s used to 
so Si the insertion of the electrode. Such a cell mem- 
bSne destroying method requires a destroyed portion 
a"d he amount'of destruction to be controlled^ 
matic destruction using lipase or protease or a method 
uJng P-rays or laser beams are possible, but the ,nven- 
35 have focused on a phospholipid radical cha.n per- 
oxTdization reaction as an example of destruction of the 
ce?membrane using a method other than the physical 

JS" f °Ac«vated oxygen such as singlet oxygen or 
<o superoxide radicals peroxidizes unsaturated phospho li- 
STthe cell membrane through a chain react.cn. In 
con rest the cell has an oxidation defending mecha- 
nim such as «-tocophero. (vitamin E), which . an 
aoent for capturing radicals in the membrane), or 
4S Scorbic acid (vitamin C) or superoxide d.smutase 
(SOD), which is a water-soluble ant.ox.dant t res.st 
oration Defects in cells originating from rad.cals and 
t^detaHed mechanisms of oxidation 
thereagainst are described in the document [ Free Rad- 
50 Ssfn Biology and Medicine", Oxford Universrty Press 

S' When such a chain oxidation action exceeds 
he ox dation defensing capability, the destruction o, the 
phospholipid membrane progresses rapidly and expo- 
55 Salty o deprive an ion penetration inhibiting capabH- 
fty onhe cell membrane, thereby disabling the cell from 
maintaining metabolism. 

^025] Molecules that generate actuated oxygen to 
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trigger this lipid chain peroxidization reaction when irra- 
diated with light are called "photosensitizers (PS)". Gen- 
eral photosensitizers include rose bengal and 
porphyrin. 

[0026] By using such a photosensitizer to modify 
the electrode so that it can act as a membrane destroyer 
to allow the electrode to penetrate the cell membrane, 
the chain peroxidization reaction has only to be effected 
on a minimum area of a target cell surface for a short 
period of time. Moreover, if the membrane is damaged 
due to the peroxidization reaction during an electrode 
inserting operation, it is expected to be repaired by the 
above-described antioxidation system after the inser- 
tion. 

Disclosure of the Invention 

[0027] It is a basic object of the present invention to 
develop a technology for controlling the destruction of 
the cell membrane. For applications the simply require 
the cell to be destroyed, various poisons have been 
examined for a long time. No technology has met the 
cell technology's need to partially and temporarily 
destroy the cell membrane without causing cell death. 
In addition, the physical-shearing-force-based method 
using minute glass tubes or the like is limited. That is, it 
is an object of the present invention to develop a tech- 
nology for using a method other than the physical shear- 
ing force to punch a living membrane while controlling 
the destruction of the membrane, that is, a membrane 
destruction controlling technology, thereby developing 
an electrode that can denature or destroy the mem- 
brane and that can be put to practical use. 
[0028] To punch the living membrane while control- 
ling the destruction thereof, a destroyed portion and the 
amount of destruction must be controlled. Thus, the 
inventors have developed a method for enabling the 
membrane to be denatured or punched while controlling 
activation of membrane destruction. 
[0029] Although it is possible to temporarily and 
partially denature/destroy the membrane using enzy- 
matic destruction with lipase or protease or using p-rays 
or laser beams, the inventors have focused on a phos- 
pholipid radical chain peroxidization reaction as an 
example of destruction of the cell membrane using a 
method other than the physical shearing force. 
[0030] Activated oxygen such as singlet oxygen or 
superoxide radicals peroxidizes unsaturated phospholi- 
pid in the cell membrane through a chain reaction. In 
contrast, the cell has an oxidation defending mecha- 
nism such as a-tocopherol (vitamin E), which is an 
agent for capturing radicals in the membrane), or L- 
ascorbic acid (vitamin C) or superoxide dismutase 
(SOD), which is a water-soluble antioxidant, to resist 
oxidation. 

[0031 ] When such a chain oxidation action exceeds 
the oxidation defensing capability, the destruction of the 
phospholipid membrane progresses rapidly and expo- 



nentially to deprive an ion penetration inhibiting capabil- 
ity of the cell membrane, thereby disabling the cell from 
maintaining metabolism. As this chain membrane 
destruction progresses, the cell is finally killed. 
5 [0032] Molecules that generate activated oxygen to 
trigger this lipid chain peroxidization reaction when irra- 
diated with light are called "photosensitizers (PS)". Gen- 
eral photosensitizers include rose bengal and 
porphyrin. 

io [0033] By using such a photosensitizer as a mem- 
brane denaturant, the chain peroxidization reaction has 
only to be effected partly on a target cell surface, that is, 
in a minimum area thereof for a short period of time, in 
order to denature the membrane. Moreover, if the mem- 

15 brane is damaged due to the peroxidization reaction 
during an electrode punching operation, it is expected to 
be repaired due to the fluidity of the membrane itself or 
by the above -described antioxidation system after the 
punching. 

20 [0034] The inventors applied 5'5 M -bis(aminome- 
thyl^^S^'-terthiophene dihydrochloride (BAT), one 
of the photosensitizers, to surface membranes of cul- 
tured cells PC1 2 from the nerve system. The photosen- 
sitizer is a membrane denaturant that can be controlled 

25 by means of light irradiation. Membrane resistance was 
measured to determine that the photosensitizer, as acti- 
vated when the entire cell is irradiated with light, raises 
the membrane resistance, that is, ion permeability of the 
membrane. The inventors have also clarified that the 

30 amounts of light and photosensitizer can be controlled 
to control a change in membrane resistance caused by 
light irradiation, to three levels. 

1) No effect 

35 2) Recovery after a decrease in resistance 
3) Loss of resistance 

[0035] Furthermore, the inventors have found a fea- 
ture of this method that the ion permeability of the mem- 

40 brane recovers to its state prior to destruction in about 
30 seconds under preferred conditions. 
[0036] A similar change in membrane resistance 
was observed when only the axon of the cell was irradi- 
ated with laser beams. 

45 [0037] Furthermore, to determine whether the 
denaturing of the cell membrane using the photosensi- 
tizer is applicable to introduction of a substance to the 
cell, the inventors attempted to apply it to a microinjec- 
tion process. For the microinjection process, an injec- 

so tion liquid containing the water-soluble fluorescent 
dyeing reagent Lucifer Yellow CH (LY) was prepared 
and whether or not the LY could be injected into the 
PC12 cell was used as an index for determining whether 
or not the injection was successful. In addition, an elec- 

55 trie manipulator was used to automate the injection 
process to minimize the artificial effects on evaluation of 
the success rate. 

[0038] With this injection process system, measure- 
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me nts were made to determine how the 
cess rate varied depending on the presence ol ^100 . £ 
of the photosensitizer 5"5"-bis(am.nomethyl)-2 2 .52 - 
terthiophene dihydrochlor.de in the injection l,qu,d orthe 
presence of a process for irradiating the membrane with 
light from a 1 00-W mercury lamp. 
r00391 As a result, when the injection liquid contain- 
nfthe photosensitizer was used and the light .rradia- 
Z washed, the injection success rate was about 
80% in other control examples, the rate was about 0 to 
t o£ before, membrane denaturing has been con- 
Led to signrticantly improve the injection success 

mio] Furthermore, using a rate at which the cell 
retained the LY after the injection process, as an ,ndex 
for a cell survival rate, the cell survival rate was i com- 
pared between the photosensitizing process and the 
normal process. Photosensitized cells exhibited a sur- 
V Z rate of about 90% for three to six days, whic -.s sig- 
nificantly higher than that of normally processed cells, 

!o041 S i ab °^ 1 uT*e combination of the photosensitizer 
with light has been shown to serve to appropnately 
nunch the membrane. That is, conditions for repa.nng 
the membrane without killing the celis can be eas-W 
determined depending on the level of membrane 
destruction. Ol course, it is easy to produce a mem- 
bmne destroying member with a membrane destroyer 
s™ch as the photosensitizer applied to a support and 
then bring the membrane destroying member ,n contact 
with the membrane. 

mo421 The inventors further produced a new mem- 
ber by providing a scanning probe of an atom.c force 
microscope with an electrode and applying 55 - 
bT^inomethyO-S,^ 

to a probe section. When the member wrth 1h« photo 
sensitizer applied thereto is inserted into the cell mem- 
brane resistance originating from the cel. membrane ,s 
observed between the e.ectrodes located ms.de and 
ouSde the membrane. Since a physical shearing force 
applied by the electrode of the atomic force microscope 
fs not stLg enough to punch the cell, ft has been 
shown mat me newly produced member can be used as 
one acting as the electrodes of the atom.c force m cro- 
scope and providing a controllable membrane destroy- 

iooSf "ext. the inventors attempted to achieve a 
spati resolution of 20 urn using as an representative 
example of a nerve interface, one having such a specrhc 
targTt size of its own that it can be applied to mamma- 
ran peripheral nerves. The value of 20 ^m was se 
because peripheral myelinated nerves (A fibers) that 
caS out normal muscle control and sense transmiss.on 
have a diameter between 1 and 22 nm. 
mM41 The inventors further selected a rat phechro- 
[ rWe PC12 cell as a nerve model. The PC12 cel. was 
Sfshed by Greene and Tischler in !976 [Proc. Natl. 
EES USA 73, 2434-2428 (1 976)]. This cell is char- 



acterized to differentiate into a cell similar to a nerve 
when a nerve growth factor (NGF) is added thereto and 
is commonly used as a nerve cell model. 
[0045] To examine a cell membrane penetrajng 
5 l °erve interface according to the present mvent on, 
physical conditions such as insertion speed and pres- 
sure which are required to insert minute metal elec 
trodes into the cell must be evaluated. As an electrode 
system that could quantitatively examine these condi- 
,„ S a scanning probe of an atomic force microscope 
10 S) was pSe'd with an electrode and used with the 
AFM. This system has the following advantages. 
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30 



1) An image of the cell can be picked up to specify 
an electrode inserting position. 

2) The electrode can be manipulated at a spat.al 
resolution in the order of nanometers. 

3) Since the system operates under d.grtal con ol, 
electrode connection conditions can be quantrta- 

ST S - be made to automatically connect 
L cell and the electrode together by controlling the 
positions of the electrode based on program opera- 

5) Aprobe section of a commercially available AFM 
probe is shaped like a rectangular pyramid of base 
and height each 10 um, so that the target spatial 
resolution of 20 urn can be sufficiently achieved 
even with modifications required to provide the 
probe wrth electrode. 



m0461 Data obtained by the AFM probe electrode 
SIS used to develop a nerve interface using a mem- 
brane-penetrating metal electrode. 
35 rOM71 This enables membrane potential to be 
35 measured by bringing the electrode intone con** 
wrth the membrane. To measure a potential «J 
however the electrode must be inserted into the ceil 
uZ certain method. The conventional method uses 
40 a physical shearing force to insert a glass cap-Uary or 

iupport haTan insufficient physical strength to pane- 
ls tom Mentors have thus designed and devel- 
45 l o P eTa method for applying a cell m-*™-*^ 
technology using a method other than the physica 
ieartng force, to insertion of the electrodes. By way of 
examl The inventors have succeeded in a.low.ng the 
so ete^rode to easily penetrate the membrane by coupling 
an e ectmde inserting operation to a cell membrane 
destroying operation using a compound that generates 
an activated oxygen species. 

mo49 By way of a specific example, the inventors 
« lucTeeded in producing an atomic force m.croscope 
aSy equipped with a cel. membrane destroying 
pfobe electrode, selecting an electrode insta ing po - 
tion while measuring the shape of a surface of the cel., 
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and then inserting the electrode into the cell membrane. 
Those skilled in the art can integrate a number of elec- 
trodes together as appropriate using the above single 
electrode as a prototype. 

[0050] That is, the present invention includes: 5 

(1) an electrode comprising an insulated support, a 
conductive pattern formed on a surface of the insu- 
lated support, an insulator formed on the conduc- 
tive pattern in such a manner that a portion on the w 
conductive pattern which comes in contact with at 
least a membrane after the membrane has been 
penetrated can be insulated, and a membrane 
denatu ration reaction promoting portion formed in 

the portion coming in contact with the membrane or is- 
in a neighborhood thereof and having a membrane 
denaturing force other than a physical shearing 
force, 

(2) the electrode according to (1), wherein the insu- 
lated support comprises a particular support and 20 
an insulating layer covering a surface of the sup- 
port, 

(3) the electrode according to (1) or (2), wherein a 
compound that causes the membrane denaturation 
reaction promoting portion to induce membrane 25 
denaturation reaction is applied or fixed to the elec- 
trode, 

.(4) the electrode according to (3), wherein the 
membrane denaturation reaction utilizes a chained 
peroxidization reaction of membrane components 30 
started by a direct or indirect generation reaction of 
an activated oxygen species, 

(5) the electrode according to (3) or (4), wherein the 
membrane denaturation reaction includes a reac- 
tion induced by a particular stimulus and a reaction 35 
precursor to denature or destroy the membrane, 

(6) the electrode according to (5), wherein the par- 
ticular stimulus is light and the reaction precursor is 
a photosensitizing compound, 

(7) an electrode according to any one of (1), (2), 40 
and (3) to (6), wherein after the membrane has 
been denatured or destroyed, the electrode pene- 
trates the membrane and the penetrated mem- 
brane comes in close contact only with part of the 
insulating portion, ^5 

(8) an electrode including a support comprising sili- 
con processed by means of etching, wherein gold 
(Au) with a thickness of 220 nm is plated on a bot- 
tom surface (a measuring surface) of the support, 
areas of the electrode other than a measuring 50 
metal terminal and an equipment-connected metal 
terminal are insulated and covered by silicon diox- 
ide with a thickness of 100 nm, and S^'-bisCami- 
nomethyO^'iS^'-terthiophene is applied to an 
electrode section, 55 

(9) the electrode according to any one of (1) to (8), 
wherein the electrode is connected to a position 
controlling device, and a position where the elec- 



trode is inserted into or contacted with the mem- 
brane can be controlled, 

(1 0) the electrode according to any one of (1 ) to (9), 
wherein the electrode is connected to the position 
controlling device and has a function for measuring 
a shape of a surface of the membrane or a solid, 

(11) the electrode according to any one of (1) to 

(10) , wherein the insulated support comprises a 
scanning probe of a scanning probe microscope, 

(12) the electrode according to any one of (1) to 

(11) , wherein at least a part of the measuring metal 
terminal is covered with an insulator membrane or a 
conductor membrane, and 

(13) an interface type minute membrane potential 
measuring apparatus comprising the electrode and 
the potential measuring device according to one or 
more of (1) to (12). 

[0051] The electrode provided by the present inven- 
tion comprises the membrane denaturation reaction 
promoting portion having a membrane denaturing force 
other than the physical shearing force. Preferably, the 
electrode is connected to the position controlling device 
and, more preferably, it contacts therewith at such an 
arbitrary pressure that a surface of the membrane is not 
destroyed. 

[0052] When the electrode is based on a common 
one including a support, a measuring metal terminal, an 
insulating portion and can retain electrode functions, it 
can be composed of common materials. For example, 
the support may preferably composed of silicon, glass, 
or the like. The material of the conductive pattern may 
be gold (Au), platinum (Pt), or other metal generally 
used for patterning in the field of electronics. An exam- 
ple of the insulator used in the insulating portion 
includes silicon dioxide or silicon nitride. The electrode 
may have additional function, for example, an electrode 
position indicating function based on a fluorescent coat- 
ing or an extended lifetime resulting from coating with 
an antiseptic unless the electrode functions are 
degraded. 

[0053] The membrane denaturing portion of the 
electrode having the membrane denaturation reaction 
promoting portion refers to a portion that comes in con- 
tact with a particular portion of the membrane which is 
denatured or destroyed. The membrane denaturation 
reaction may be a chemical reaction including a reac- 
tion using radiation, laser beams, or the like, an enzy- 
matic reaction using lipase or protease, or a chained 
peroxidization reaction of membrane components 
started by a direct or indirect generation reaction of an 
activated oxygen species. An example of the chained 
peroxidization reaction includes a lipid peroxidization 
reaction of a living membrane, and, more specifically, 
includes generation of a radical, singlet oxygen, super- 
oxide, or generation of hydrogen peroxide. 
[0054] Although the electrode does not necessarily 
require a substance causing the membrane denatura- 
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tion reaction to be applied or fixed to the membrane 
denaturation reaction promoting portion if radiation or 
the like is used, it may have a compound applied or fixed 
to a portion thereof, the compound including an enzyme 
or a compound that involves generation of activated 
oxygen and causing the membrane denaturation reac- 
tion Preferably, the applied orfixed compound is a reac- 
tion precursor that causes the membrane denaturation 
reaction when subjected to a particular stimulus An 
example of the combination of the "particular stimulus 
and the "reaction precursor" includes "light" and a "pho- 
tosensitizer" for a light-induced electron tranfer reaction, 
■radiation" and a "cell membrane and moisture mole- 
cules" for a radiative chemical reaction", or a "change in 
electrode potential" and a "conductive polymer" for an 
electrode reaction. 

[0055] More specifically, the photosensitizer that 
promotes generation of singlet oxygen when irradiated 
with light includes methylene blue, rose bengal, chloro- 
phyll (a common name), hematoporphyrin, psoralen, 
bilirubin, riboflavin, chlorophyll, or retinal, and the com- 
pound that generates activated oxygen on the electrode 
upon application of a potential includes methylviologen 
An example of the conductive polymer that is radical- 
ized on the electrode when provided with a potential 
includes polyacetylene or polythiophen. A th.ophen 
trimer (terthienyl) is a natural photosensitizer obtained 
from a plant and can be used as a compound that can 
induce membrane destruction upon application of light 
or a potential. The compound that catalyzes rad.caliza- 
tion when irradiated with light may be semiconductor 
particles such as a ruhtenium (II) trisbipyridine complex 
or titanium oxide, or a starting agent that starts radical 
polymerization when irradiated with light may be used 
as a photosensitizer. For example, the photopolymen- 
zation sensitizer based on irradiation with ultrav.olet 
rays may be a peroxide such as a benzoyl perox.de, an 
azo compound such as azobisisobutyronitryl, a carbo- 
nyl sulfur compound such as diacetyl, dibenzyi, etc. 
diphenyl monosulfide, diphenyl disulfide, d.benzoyl 
monosulfide, or dibenzoyl disulfide, a halogen com- 
pound such as CCI 4 , and a metallic salt such as FeC% 
[0056] If the level of membrane destruction based 
on lipid peroxidizing cannot be easiV controlled based 
only on the quantitative ratio of the "particular stimulus 
and the "compound activated by a stimulus" or the like, 
the level of destruction may be controlled by adding a 
substance such as lipid or an oxidation inhibiting sub- 
stance that weakens the lipid peroxidization reaction or 
assists membrane repairs. 

[0057] Depending on the level of membrane dena- 
turation the electrode having the membrane denatura- 
tion reaction promoting portion as described above may 
contact with the membrane so as not to completely 
destroy it ormay be used in such a mannerthat afterthe 
membrane has been denatured or destroyed, the elec- 
trode penetrates the membrane, which comes in close 
contact only with part of the insulating portion. 



[0058] A specific example is an electrode including 
a support comprising silicon processed by means of 
etching, wherein gold (Au) with a thickness of 220 ran ■ 
plated on a bottom surface (a measuring surface) of the 
« support areas of the electrode other than a measuring 
metal terminal and an equipment-connected metal ter- 
minal are insulated and covered by silicon diox.de with a 
thickness of 100 ran, and 5'5"-bis(aminomethyl)- 
2 2'-5'2"-terthiophene is applied to an electrode section. 
,o ro059] For the former type of electrode, that is, the 
electrode having the membrane denaturation reaction 
promoting portion, and the latter type of electrode, hat 
is the electrode connected to the position controlling 
device and which can contact with the surface of the 
,5 membrane at such an arbitrary pressure that the mem- 
brane is not destroyed, both types of electrodes may be 
connected to the position controlling device to control 
the position where the electrode is inserted into or con- 
tacted with the membrane or may have a function for 
20 measuring the shape of the surface of the membrane or 
a solid, or may be a scanning probe of the scanning 
probe microscope. 

[0060] In addition, both electrodes can preferably 
be used even If at least part of the measuring metal ter- 
25 minal is covered with an insulated or genetic film, unless 
the electrode functions are lost. Further, an interface 
type minute membrane potential measuring apparatus 
can be provided which includes a combination of a plu- 
rality of the above-described electrodes and a potential 
30 measuring device. This interface type minute mem- 
brane potential measuring apparatus can also be pro- 
vided as a composite interface type minute membrane 
potential measuring apparatus including an additional 
normal electrode or normal metal terminal, or a combi- 
35 nation with another potential measuring terminal 

r0061] Alternatively, all the above-descnbed elec- 
trodes or potential measuring devices can be used as 
nerve interfaces having the electrode connected to the 
individual nerve to transmit information between electric 
40 information equipment and the nerve, so that they can 
each be provided as part of precision equipment for use 
in research such as basic analysis and research on the 
brain, clarification of living cell mechanisms, or analysis 
of functional electric stimuli. Each of them can also be 
45 used as part of a highly integrated and very accurate 
invasive measuring type medical electrode or part of a 
connection and control device for living function substi- 
tuting and supporting equipment such as an artificial 
organ Any of the above-described electrodes or poten- 
50 tial measuring devices can alternatively be usedfor •part 
of a connection and control device for an artificial hand 
or leg comprising a joint or a sensory organ that can be 
controlled as in human bodies, or as part of a connec- 
tion and control device between an artificial sensory 
55 organ (a visual or auditory sense) and a living body. Any 
of the above-described electrodes or potential measur- 
ing devices can alternatively be used as a part of a brain 
function expanding apparatus tor patients who have 
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their brains damaged due to the Alzheimer's disease or 
the Parkinson's disease or as a part of a living function 
expanding apparatus for recovering a living function lost 
due to a congenital disease. Communication among liv- 
ing things may be extended by connecting the above- 5 
described interface type minute membrane potential 
measuring apparatus using the electrode not only to 
human beings but also to general animals or even 
plants to clarify living information processing mecha- 
nisms. 10 

Brief Description of the Drawings 

[0062] 

75 

Figure 1 shows a structural formula of a S'S"- 
bis(aminomethyl)-2,2':5'2Merthiophene dihydro- 
chloride (BAT) dichloride salt. 

Figure 2 shows a membrane punching technique 
flow chart.' 20 
Figure 3 shows the relationship between a mem- 
brane destroying member having a cylindrical sup- 
port and a membrane structure that is to be 
processed by the membrane destroying member. 
Figure 4 shows an example of the relationship 25 
between a membrane destroying member having a 
sphere- or bead-shaped support and a membrane 
structure that is to be processed by the membrane 
destroying member. 

Figure 5 shows an example of the relationship so 
between a membrane destroying member having a 
rod-shaped support and a membrane structure that 
is to be processed by the membrane destroying 
member. 

Figure 6 shows an example of relationship between 35 
a cylindrical membrane destroying member having 
a support for holding a liquid containing a mem- 
brane denatu ration reaction promoter and a mem- 
brane structure that is to be processed by the 
membrane destroying member. *o 
Figure 7 shows an example of relationship between 
a membrane destroying member having a support 
shaped like an atomic force microscope probe and 
a membrane structure that is to be processed by 
the membrane destroying member. 45 
Figure 8 schematically shows an apparatus for 
measuring intracellular potential and membrane 
resistance using a patch electrode. 
Figure 9 is a graph representing the relationship 
between the intensity of a light stimulus and varia- so 
tions in cell membrane potential or membrane 
resistance. 

Figure 1 0 is a flow chart of an example of photosen- 
sitized injection. 

Figure 1 1 schematically shows the example of pho- 55 
tosensitized injection. 

Figure 1 2 shows a comparison of an injection suc- 
cess rate between a normal physical injection proc- 



ess and a new photosensitized injection process. 
Figure 13 shows a comparison of variations in cell 
survival rate after a cell injection process between 
the normal physical injection process and the new 
photosensitized injection process. 
Figure 14 schematically shows a minute electrode 
produced using a scanning probe of an atomic 
force microscope as a support. 

Best Mode for Carrying Out the Invention 

[0063] The present invention will be specifically 
described below with reference to examples but is not 
limited thereto. 

[Example 1] Culturing Nerve System Established Cell 
LinePC12 

[0064] An established nerve system cell line PC12 
is ganglion-like cells obtained from the adrenal medulla 
of a rat and which are used as a model of the centra! 
nerve. A neurobasal medium (manufactured by GIBRO 
BRL) (pH 7.3) containing 10% of thermally inactivated 
equine serum, 5% of bovine fetus serum, 7.35 mg/l of L- 
giutamic acid, and 2 mM of L-glutamine was used to cul- 
ture PC12 cells in an atmosphere containing 95% of 

co 2 . 

[0065] The celis were subcultured by spraying a 
culture medium on the cells, peeling off the cells from a 
wall surface of a culture flask, centrifuging this 300-g 
flask for 5 minutes to bias the cells, scattering the cells 
into a culture flask of base area 25 cm 2 (manufactured 
by IWAKI GLASS Co., Ltd.) for 1 to 3x 10 4 cells/cm 2 per 
ml, and changing the culture medium at the intervals of 
two or three days. 

[0066] To differentiate the PCI 2 cells into nerve-like 
cells, 2.5S of a mouse nerve growth factor (NGF) was 
added to the culture medium so that its final concentra- 
tion reached 50 ng/ml. The solution with the NGF 
(Murine; 2.5S) dispersed therein, the NGF being added 
to the culture medium, was prepared as follows: 

1) Phosphate buffered saline (PBS; it was com- 
posed of 2.1 0 g/l of KH 2 P0 4 , 90.00 g/l of NaCl, 7.26 
g/l of NaHP0 4 • 7H 2 , and a 1-N NaOH solution, with 
a pH adjusted to 7.4) was provided. 

2) Two mg of bovine serum albumin (NSA) was dis- 
persed in 1000 ul of the above-described PBSl 
(with a pH adjusted to 7.4), and the dispersed solu- 
tion was passed through a filter of pore size 0.22 
urn for sterilization. 

3) One hundred uJ of the sterilized solution and 100 
u.g/ml of NGF solution (commercially available from 
GIBCO BRL) were added together to obtain a total 
amount of 200 uJ. The solution were dispensed into 
different mini-tubes so that each mini-tube con- 
tained 8 fil of the solution. The mini-tubes were then 
frozen and stored at -20°C. 
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[0067] The NGF solution dispensed in this manner 
was added to a culture medium so as to reduce the con- 
centration to 1/1,000, thereby differentiating the PC12 
cells. 

[0068] The PCI 2 cells were allowed to adhere 5 
lightly to a wall surface of a plastic bottle, where they 
were grown while forming a small cluster. To culture the 
cells differentiated into nerve cells, collagen coat dishes 
(IWAKI Glass Co., Ltd.) were used. 

[0069] Cells that spent 6 days or more after they 10 
had started differentiating into nerve-like cells were 
used in the following electrophysiological experiments. 

[Example 2] synthesizing Bisaminomethylterthiophene 

75 

[0070] The photosensitizer was composed of 5'5"- 
bis(aminomethyl)-2,2 , :5 , 2 ,, -terthiophene dihydrochloride 
(BAT), which is an a terthienyl derivative. This com- 
pound was synthesized in accordance with the article of 
Muguruma [J. Hetercyclic Chem., 33, 1-6 (1996)] and 20 
provided in a state of BAT dichloride salt Figure 1 
shows a structural formula for a BAT dichloride salt. 
[0071] A thiophen oligomer having an aminomethyl 
group at a terminal thereof has a higher water solubility 
than any other derivative of the same kind due to this 25 
terminal aminomethyl group. The water solubility varies 
depending on how the aminomethyl group is released. 
On the other hand, the present BAT is characterized by 
having two types: one of then has a bivalent positive 
charge in an acid water solution and is easily soluble 30 
therein, while it has a univalent positive charge in a 
water solution with a biologically suitable pH range 
(near 7.4) and maintains a high water solubility; the 
other exhibits the same characteristic in the former solu- 
tion but in the latter solution, has no charge and is likely 35 
to cohere into a colloid. By irrigating the cell with the 
BAT-dispersed solution under the above pH condition, 
this molecule can be easily added to a surface of the 
cell. The hydrophilic property of the BAT molecule is 
new and is absent from the other modified thiophen oli- 40 
gomers including an a terthienyl derivative as well as 
other molecules designed as conductive high -molecular 
monomers. 

[Example 3) Measuring Membrane Resistance and 45 
Membrane Potential After Ljght Irradiation 

[0072] Since minute membrane defects must be 
monitored at a cell level for a period of time in the order 
of seconds to several minutes including a recovery so 
process, the patch clamp method, which is used for 
e I ectrophyio logical experiments, was used to measure 
the potential between the cell membranes or ion current 
transmitted through the cell membrane. 
[0073] The photosensitizer BAT was dispersed in a 55 
HEPES (25 mM, pH 7.4) buffer. A dispersed solution to 
be locally added to a neighborhood of the cell using a 
micropipette had a BAT concentration adjusted to 2 mM : 



and a dispersed solution to be added to the entire irriga- 
tion liquid had a BAT concentration adjusted to 0.2 mM. 
[0074] The cells were incubated in a culture 
medium for electrophysiological experiments at room 
temperature. The culture medium used for this experi- 
ment was composed of 124 mM of NaCl, 5 mM of KCI, 
2.4 mM of CaCI 2 • 2H 2 0, 1 .3 mM of MgSQ 4 • 7H 2 0, and 
10 mM of glucose, with a final pH adjusted to 7.4 by 
addition of NaOH. To prevent the averse effects of evap- 
oration, the culture medium for electrophysiological 
experiments was replaced with a new at the intervals of 
40 minutes at maximum. 

[0075] The BAT was added so as to have a final 
concentration of 49 ujvl. The quantity of light applied 
was set at three levels: 0.47 J/cm 2 , 0.94 J/cm 2 , and 1 .57 
J/cm 2 . 

[0076] A liquid in the patch electrode was com- 
posed of 132mM of KCI, 8 mM of NaCl. 2 mM of MgCI 2 , 
30 mM of HEPES, 4 mM of Na 2 ATP, 0.3 mM of GTR and 
0.5 mM of EGTA, with a final pH adjusted to 7.3 by addi- 
tion of NaOH. 

[0077] An excitation light source was a 50 -mW and 
363-nm argon ion laser including a confocal laser scan- 
ning microscope (CLSM) MRC-1000 UV (BIO-RAD lab- 
oratories) as standard equipment. One-sixteenth (1/4 
along each of the X and Y axes; 1 17 x 1 70 ujn) of the full 
screen (about 470 x 680 \xm) of the microscope was 
scanned by the laser beams. This area was set to cover 
the entire patched target cell. The laser beams had a 
100% output of 50 mW. The amount of irradiation time 
was selected from 1/16, 1/4, and 1/32 seconds depend- 
ing on a scan speed. A filter was also used to reduce the 
amount of light. Since a zoom function allows light to be 
concentrated in an area smaller than a normal area, the 
amount of light per unit area increases in proportion to 
the square of a zoom magnification. The excitation light 
is transmitted through the plastic of the collagen coat 
dish before actually reaching the cell, so that a 
decrease in light quantity must actually be taken into 
consideration. 

[0078] in irradiating the cell with the excitation light, 
aTTL signal operating in connection with an eletrophys- 
iologial record is transmitted to the light source as 
required to synchronize the light irradiation with electric 
measurements. 

[0079] Before starting the electrophysiological 
experiments, the cell membrane potential had been 
maintained between -80 and -60 mV. The patch elec- 
trode had a resistance between 3 and 4 bACl and was 
filled with the above-described intraelectrode liquid. 
[0080] The cell membrane potential measuring 
amplifier was Axpopatch 1-D (Axon Instruments). The 
membrane resistance was calculated from a change in 
membrane potential occurring when a 1 -Hz rectangular- 
wave overpolarization current flowed through the mem- 
brane for 350 milliseconds. The amount of current sup- 
plied (0.1 or 0.15 nA) was selected so that the change 
in membrane potential would not exceed 30 mV when 
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power was supplied. Under these experimental condi- 
tions, the PC12 cell generated no action potential. 
Measured potential and current values were analyzed 
using Axoscope ver. 1 . 1 (manufactured by Axon Instru- 
ments). Results are shown in Figure 9. 
[0081] In Figure 9, the axis of abscissa indicates an 
elapsed time (unit: second). The axis of ordinate indi- 
cates the resistance of the cell membrane (unit: %) in 
the upper part and the potential thereof in the lower 
part, both values being normalized by setting corre- 
sponding values prior to irradiation equal to 100%. The 
membrane resistance reflects the ion transmission 
inhibiting capability, and the membrane potential 
reflects the active ion transporting capability of the 
membrane effected by activities of various intermem- 
brane ion transporting systems as well as the ion trans- 
mission inhibiting capability. 

[0082] The amount of light applied was smallest for 
A (0.47 J/cm 2 ), the second smallest for B (0.94 J/cm 2 ), 
and the largest for C (1 .57 J/cm 2 ). For A, both cell mem- 
brane resistance and membrane potential varied 
slightly but not significantly after the light irradiation. For 
B, the cell membrane resistance decreased and the 
membrane potential was depolarized several seconds 
after the light irradiation; this amount of time corre- 
sponds to an induction period. Under these conditions, 
the resistance and potential were also observed to 
recover to the corresponding values prior to the light 
irradiation 30 minutes later. This is because, after 
destruction, the membrane was repaired due to a bio- 
logical reaction. For C, the cell membrane resistance 
and membrane potential were lost several seconds 
(also corresponding to an induction period), that is, 
about 8 seconds after the light irradiation and then 
remained at fixed values. This is because no repair 
reaction occurred after the membrane was destroyed, 
that is, irreversible membrane destruction occurred. 

[Example 4] Spraying BAT On Target Cell Using Minute 
Glass Pipette 

[0083] A microinjection device was connected to a 
minute glass pipette held in a micromanipulator, and the 
minute glass pipette was filled with a solution with the 
photosensitizer BAT dispersed therein (BAT concentra- 
tion: 2m M, water solvent). The glass pipette was located 
in such a manner that its tip was connected to the patch 
electrode and located within 200jim from a cell for which 
the membrane potential and resistance were to be 
measured. The minute glass pipette was pressurized to 
eject the BAT-dispersed solution, so that the BAT 
adhered to a target cell membrane. When a laser beam 
was applied to the cell as in Example 3, the cell mem- 
brane potential was observed to be depolarized. 



[Example 5] Microinjection Process Using Portion-Spe- 
cific Membrane Destruction 

[0084] An operation of introducing a substance 
5 using membrane destruction was applied to a microin- 
jection process. 

[0085] To determine whether the microinjection 
process was successful, the water-soluble fluorescent 
pigment Lucifer Yellow CH (LY) was added to an injec- 

w tion liquid. After the injection process, this process was 
determined to be successful when a LA-induced yellow 
fluorescence was observed in the cell through a fluores- 
cence microscope. Evaluation was made to determine 
how the success rate of injection of the LY into the cell 

is varied depending on the presence of the photosesirizer 
BAT in the injection liquid or the presence of application 
of the BAT exciting light. 

[0086] The LY is a less toxic fluorescent pigment 
used for microinjection and is characterized by shifting 

20 to a daughter cell upon cell division [Cell & Tissue Res., 
234, 309-318 (1983)]. The LY is so water soluble and 
dispersible that it is also used as cell fluorescent-label 
agent for the nerve system [Cell & Tissue Res., 254, 
561-571 (1988)]. The LY is also characterized by shift- 

25 ing fast in several minutes between cells coupled 
together by means of a gap junction ["New Physiological 
System 7, Physiology for Generation and Differentia- 
tion, Chapter 4, Generation of Intercell Coupling, I. Elec- 
tric Coupling", Medical Publishing Company (1991)], 

30 which is a liquid-liquid junction the between cells. There 
has been a report describing the use of the PC12 as a 
marker for forming a gap junction [J. NeuroscL 14, 
3945-3957 (1994)]. A cell with the LY injected thereinto 
may be killed when irradiated with an excessive amount 

35 of LY exciting light [Science, 206, 702-704 (1979)]. 
Comparison and evaluation were made to determine 
how the success rate of injection into the cell varied 
depending on the presence of the photosesirizer BAT in 
the injection liquid or the presence of application of the 

40 BAT exciting light. 

[0087] To make the microinjection successful, a 
glass capillary having a diameter of several hundred 
nanometers at a tip opening thereof must be brought 
into contact with the cell at a high speed to physically 

45 instantaneously penetrate and punch the cell mem- 
brane. In the experiments, an electric micromanipulator 
(manufactured by Eppendorf; Micromanipulator 5171) 
and an electric injector (manufactured by Eppendorf; 
Transjector 5246), which can both operate under the 

so control of a program, could be used to set a speed at 
which the capillary contacted with the membrane, at an 
arbitrary value. In addition, the injection capillary was a 
commercially available product (manufactured by 
Eppendorf; FemtoTips) mass-produced for the above 

55 apparatuses. Since the electric micromanipulator 
served to automate the injection operation to achieve a 
high reproducibility and the commercially available cap- 
illary was used, which is more uniform in shape than 
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those made by the inventors, a statistical process could 
be carried out for the injection success rate. The micro- 
manipulator was installed in the fluorescent microscope 
(manufactured by Olympus Optical Industry Co., Ltd. 
according to a specification for an IX70 fluorescent 5 
microscope). The light source for exciting the photosen- 
sitizer was an ultraviolet light obtained by transmitting 
light through an ultraviolet exciting filter set (manufac- 
tured by Olympus Optical Industry Co., Ltd.; a U-MWU 
mirror unit), the light being emitted from a 100-W mer- 
cury lamp that was an epifluorescent light source built 
into the microscope. An area covered by the applied 
light was a circle of diameter 100 u.m, which was set 
using a diaphragm of a fluorescent optical system of the 
microscope. The LY exciting light source for determining 15 
whether the LY was successfully injected into the cell 
was a violet light obtained by transmitting light from the 
100-W mercury lamp through a violet light exciting filter 
set (manufactured by Olympus Optical Industry Co., 
Ltd.; a U-MWBV mirror unit) as described above. 20 
[0088] With this system, the photosensitizer BAT 
was concentrated in the area of diameter 0.5 urn, while 
it was promptly diluted due to dispersion in areas other 
than the one contacted with the capillary. Thus, in the 
capillary-contacted portion., the photosensitizing effect 25 
of the BAT is equal to that of 1 00 u.M BAT in the injection 
liquid. In terms of the effects of the BAT concentration 
on the cell, compared to the BAT concentration in the 
portion of the cell contacting with the capillary, the BAT 
concentrations in the other portions are negligible. 30 
[0089] For the injection operation, the operational 
range of the manipulator was set so that the capillary 
could be stuck into the cell at a capillary contact speed 
of 1 ,000 u,ms" 1 , the capillary was then operated at a low 
speed of 7 jiims" 1 to come in contact with the cell mem- 35 
brane so as not to physically punch the cell membrane. 
Under these conditions, comparison was made to deter- 
mine bow the success rate of injection into the cell var- 
ied due to the BAT-induced photosensitizing effect 
[0090] The photosensitizer BAT was synthesized 40 
and provided by Muguruma et al. The reagents listed 
below were used for the experiments and were com- 
mercially available: sodium chloride (NaCl; manufac- 
tured by Kishida Chemistry Co., Ltd.), potassium 
chloride (KCI; manufactured by Kishida Chemistry Co., 45 
Ltd.), disodium hydrogenphosphate (Na 2 HP0 4 ; manu- 
factured by Wako Pure Chemical Industires Co., Ltd.), 
dipotassium hydrogenphosphate (KH 2 P0 4 ; manufac- 
tured by Wako Pure Chemical Industires Co., Ltd.), and 
fluorescent marker Lucifer Yellow CH, Lithium salt (LY, 50 
ex. 482 nm, em. 536 nm; manufactured by Molecular 
Probes). 

[0091] Each component of the injection liquid was 
dissolved into pure water so as to prepare a composi- 
tion having the following final concentrations: 1 00 urn of 55 
photosensitizer BAT, 40 uM of HCI, 2 mM of fluorescent 
marker LY, 8 g/l of NaCl, 0.2 g/l of KCI, 1.15 g/l of 
Na 2 HP0 4 , and 0.2 g/l of KH 2 P0 4 . 



[0092] An injection liquid without the BAT for use for 
a control process was also prepared. 
[0093] The injection target cells were the estab- 
lished nerve system cell line PI 2. These cells were 
obtained from the Cell Development Bank of the Physi- 
cal and Chemical Research Institute and cultured in 
accordance with Example 1 . The cells subjected to the 
injection process were subcultured in 035-mm collagen 
coated dishes (Iwaki Glass Co., Ltd.) at a cell density of 
9,000 cells per dish. The cells were cultured by a car- 
bonate dioxide gas incubator (manufactured by Forma 
Scientific) in an environment at a temperature of 37°C 
and a humidity of 1 00% and containing 5% of carbon 
dioxide and 95% of oxygen. 

[0094] The injection process used Hibernat A 
Media (Hib-A; manufactured by GIBCO BRL) [NeuroRe- 
port, 7, 1509-1512 (1996)] that are Hib-A culture media 
for the injection process and to which were added 10% 
of equine serum (manufactured by GIBCO BRL), 5% of 
bovine fetus serum (manufactured by Mitsubishi Chem- 
istry Co., Ltd.; a serum obtained from a quasi-fetus of a 
Nakashibetsu cow), 7.35 mg/l of L-glutamic acid (manu- 
factured by GIBCO BRL), and 2 mM of L-glutamine 
(manufactured by GIBCO BRL). The equine serum was 
thermally inactivated by heating it at 56°C for 30 min- 
utes. To prepare this solution, water was used which 
was purified by a pure-water-manufactu ring -apparatus 
Biocel A10/Eiix 10 (manufactured by MILLIPORE). 
[0095] An outline of the injection process procedure 
is shown in Figure 10. The following supplement this fig- 
ure. 

1) During the injection process, all of the 3-mt Neu- 
roBasal culture medium was removed from the 
dish, where the cells had been cultured. The cells 
on the dish were washed off using 1 ml of Phos- 
phate Buffered Saline, 7.4 (PBS; manufactured by 
GIBCO BRL) containing neither Ca nor Mg. All the 
PBS was then removed and 1 ml of fresh PBS was 
used to similarly carry out washing. All the PBS was 
removed again, so that the dish was finally filled 
with 2 ml of the Hib-A culture medium for the injec- 
tion process. The cells were maintained by this Hib- 
A culture medium. 

2) For this micromanipulator apparatus, a limit posi- 
tion (Z limit) at which the tip of the capillary came 
closest to a surface of the dish had to be set so that 
the tip could be stuck into the cell during the injec- 
tion. The manipulator was set so that the Z limit 
position aligned with the position of a cell nucleus 
on the dish. 

3) The capillary position was changed to one 30 u.m 
above the Z limit. The other conditions, that is, an 
approach speed input value and an injection time 
were also changed to 700 ujns" 1 and 1.1 s, respec- 
tively (effective values were 1,000 \ims 1 and 1.0 s, 
respectively). The Z limit position was adjusted so 
that under these conditions, the normal physical 
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microinjection process could be achieved at a suc- 
cess rate of 80% or more for 1 0 or more cells. When 
the success rate was lower, the Z limit position was 
reset. 

4) The capillary position was changed to 10 jim 
above the Z limit. The approach speed input value 
and the injection time were changed to 5 urns* 1 and 
1 24 seconds, respectively (the effective value of the 
injection time was 120 seconds). 

5) The epiflourescent light source of the micro- 
scope was switched to the violet light exciting (U- 
MWBV mirror unit) filter set, which is suitable for 
observing the LY fluorescence. A clear function 
(which presses the injection liquid in the capillary at 
7,000 hPa to eliminate blockage from the capillary) 
of an injector was used to check how the LY was 
ejected from the capillary. When the capillary was 
found to be blocked, it was replaced with a new one. 

6) An injection pressure was set so that the LY was 
slowly emitted from the capillary tip. The pressure 
required to allow the LY to be slowly emitted from 
the capillary tip during the injection process was 
corrected as required because it varied between 10 
and 1 ,000 hPa depending on the status of the cap- 
illary tip. This variation was caused by adhesion of 
pieces of the cell membrane or minute dirt to the 
capillary tip. When these substances adhered to 
the capillary tip, the pressure had to be corrected 
because the effective amount of ejection liquid 
emitted varied significantly despite the same pres- 
sure exerted on the injection liquid. 

7) In a visual field of the microscope, the positions 
of the cell and the capillary were adjusted so that 
the capillary tip was located at the center of the cell. 
To excite the BAT, the epifluorescent light source 
was switched to the ultraviolet exciting (U-MWU 
mirror unit) filter set to apply ultraviolet rays, in addi- 
tion, to suppress the effects of light other than the 
exciting ultraviolet light, the transmissive light 
source for observing the cells was interrupted. 

8) An injection process switch of the manipulator 
was pushed. The following process was then auto- 
matically executed. The capillary came in contact 
with the cell, the injection liquid was emitted at that 
position at the set pressure for the set period of 
time, and the capillary then returned to the original 
process. 

9) After the injection process, the filter of the epiflu- 
orescent light source was switched from the one for 
ultraviolet light to the one for violet light (U-MWBV 
mirror unit) to apply the LX exciting light in order to 
check whether the cell had been dyed with the LY. If 
the liquid is injected into a dead cell, the LY leaks 
quickly from the cell membrane and the fluores- 
cence disappears. Thus, such cells were removed 
from the data. 

10) The transmissive light source for observing the 
cells was opened again, and the capillary tip was 



aligned with the next cell while observing the pre- 
ceding cell. 

11) Back to 5), the injection process was repeated. 

5 After the injection process, the Hib-A culture medium for 
the injection process was removed from the dish, and 
the dish was washed twice using 1 ml of PBS and then 
returned to the 3 ml of NeuroBasal culture medium. 
Subsequently, the culture medium was changed in 

10 accordance with a normal procedure. 

A mixture of antibiotics penicillin and streptomycin, 
which are antibiotics, was added to the NeuroBasal cul- 
ture medium after the injection process, in order to pre- 
vent the cell culture medium from being contaminated 

15 by fungi or bacteria. 

[0096] To evaluate the success rate of the microin- 
jection using the photosensitizing mechanism, the injec- 
tion bad to be executed under the condition that the 
physical shearing force of the pipette tip did not contrib- 

20 ute to the injection. For an appropriate injection proc- 
ess, the adjustment of the arrival limit position (Z limit) of 
the capillary is important. Thus, after confirming that an 
injection success rate of 80% or higher was achieved at 
the normal approach speed of 1 ,000 jims* 1 and with the 

25 set Z limit, the approach speed was lowered to 7 urns -1 . 
At this approach speed, the capillary tip can reach the 
same position as in the successful injection, but it hardly 
penetrates the cell membrane. Under such an approach 
condition that the membrane could not be punched eas- 

30 ily with the physical shearing force, injection success 
rates obtained using the photosensitizing mechanism 
were compared together. Results are shown in Figure 
12. 

[0097] In Figure 12, the axis of abscissa indicates 
35 injection process conditions, while the axis of ordinate 
indicates the injection success rate (unit: %). 
[0098] With the BAT-containing injection liquid, an 
injection success rate of about 80% was achieved when 
ultraviolet light was applied for 2 minutes (the injection 
40 was attempted on 30 cells and was successful with 25 
of them; 83%). 

[0099] On the other hand, when no light was 
applied with the capillary kept in contact with the ceil, 
dispersion of the LY into the cell was observed in almost 

45 no cases (n = 30; the injection was successful with 4 
cells; 13%). In addition, with the injection liquid without 
the BAT, the injection success rate was between 0 and 
10% at a capillary approach speed of 7 urns* 1 , whether 
or not UV light was applied (when UV light was applied, 

so the injection was successful with none of the 30 cells; 
0%) (when no UV light was applied, the injection was 
successful with 3 of the 30 cells; 1 0%). 
[0100] A cell survival rate afterthe injection process 
was compared between cells subjected to the normal 

55 microinjection process using the physical shearing force 
and cells subjected to the photosensitizing microinjec- 
tion. 

[01 01 ] The LY was injected into the cell by means of 
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microinjection. In a dead ceil with its cell membrane col- 
lapsed, the LY disperses quickly to lose its color [Cell, 
14, 741 -759 (1 987)]. Thus, using a rate at which the cell 
subjected to the injection process holds the LY, as an 
index indicating the cell survival rate, the survival rates 
3 and 6 days after the injection process were compared 
to each other. Results are shown in Figure 13. 
[0102] In Figure 13, the axis of abscissa indicates 
the number of days passing after the injection process 
(unit: day), while the axis of ordinate indicates the sur- 
vival rate (unit: %). 

[0103] For the normal LY injection and the LY-BAT 
injection, which were control examples, the survival rate 
was observed to be 30% or lower 3 days afterthe injec- 
tion (LY: 17%; BAT+LY: 30%). No change was observed 
between the LY retaining rate at day 3 and day 6 for all 
of the three injection conditions. 

[0104] For the present microinjection process, only 
10% of the cells could be dyed with the LY when the 
injection liquid without the BAT was used or no light was 
applied to the cell. Contrary to these control processes, 
when the BAT-containing injection liquid was used and 
light was applied to the cell, a rate at which the cell was 
successfully dyed with the LY was about 80%, which is 
significantly high. This indicates that the BAT contrib- 
uted to punching the cell membrane when irradiated 
with light 

[0105] Alternatively, after the normal membrane- 
shearing injection, the cell survival rate was between 20 
and 30%. A cell survival rate of about 90% for the cells 
subjected to the photosensitizing injection indicates that 
this injection causes little damage to the cells. 
[0106] The LY injected into the cell disperses 
quickly through the cytoplasm to dye the cell. However, 
in a dead cell with the ion barrier capability of the cell 
membrane lost, the LY disperses to the exterior of the 
cell 1 or 2 seconds afterthe injection. This quick disper- 
sion of the LY has been reported to also occur through 
a gap junction, which is a liquid-liquid connecting path 
[Cell & Tissue Res., 234, 309-318 (1983)] [J. NeuroscL, 
14, 3945-3957 (1994)]. In view of this report on the 
quick dispersion of the LY, the punched cell membrane 
is assumed to be re-blocked in the cell holding the LY 
after the injection process. This prompt repair of the 
membrane is also supported by the fact that the mem- 
brane potential and resistance recover within several 
minutes after light irradiation in Example 3. 
[0107] There are assumed to be two such mem- 
brane blocking mechanisms. One of them is a metabolic 
repair of an oxidized membrane effected by a cell oxida- 
tion-inhibiting mechanism [J. Neurochem., 68, 1904- 
1910 (1997)]. The other is a mechanism for blocking a 
damaged portion due to the fluidity of membrane lipid 
[Proc. Natl. Acad. Sci. 69, 2056-2060 (1972)] instead of 
biochemical repair of the membrane. 
[0108] For the present injection process system, it 
is assumed that when the capillary is separated from 
the cell, cell membrane components on which the pho- 



tosensitizer has had almost no effect start to flow to 
block the punched portion of the membrane. This 
assumption is based on the point that a similar prompt 
blockage of the cell membrane is observed in the case 

5 of a simple physical punching of the cell membrane. The 
physical punching of the cell membrane using a minute 
glass pipette or a patch pipette has been described 
above. After such physical punching, the punched por- 
tion of the cell membrane is often blocked after removal 

70 of the pipette, and such prompt re-blocking is assumed 
to result from the fluidity and self-organizing capability 
of the membrane lipid ["Living Membrane and Biological 
Energy [third edition], 7. Reorganization of Living Mem- 
brane", Tokyo University Publishing Association (1985)]. 

15 [0109] It is presumably at least impossible that 
membrane recovery based on biochemical metabolism 
allows the membrane to be re-blocked within a period in 
the order of several seconds. Of course the biochemical 
membrane repair occurs actually, but this mechanism is 

20 assumed to require a period of time in the order of sev- 
eral hours to several days to return the oxidized cell 
membrane to the normal state. 

[0110] In view of the technique for connecting the 
electrode to the cell, it is very meaningful that the LY 

25 was injected into the cell by means of the photosensitiz- 
ing injection. As described above, the LY can permeate 
not only into a cell into which it has been injected but 
also into adjacent cells coupled thereto by means of the 
gap junction, so that all these cells are dyed [Cell & Tis- 

30 sue Res., 234, 309-318 (1983)] [J. Neurosci., 14, 3945- 
3957 (1994)]. 

[0111] One of the functions of the gap junction is an 
electric connection between the cells [New Physiologi- 
cal System 7, Physiology for Generation and Differenfi- 

35 ation, Chapter 4, Generation of Intercell Coupling, I. 
Electric Connection", Medical Publishing Company 
(1991)]. In response to an electric stimulus, myocardial 
cells or the like contract synchronously all over the mus- 
cle tissue because a large number of muscle cells are 

40 electrically connected together via the gap junction. 
[0112] Since the present BAT photosensitizing 
injection enabled the cells to be dyed with the LY, an 
electric connection at least comparable to the gap junc- 
tion is assumed to have been established between the 

45 liquid inside the capillary and the cytoplasm. That is, 
this result indicates that the electric connection was 
established by the light irradiation independently of the 
physical punching. 

[0113] By adding the photosensitizer BAT to the 
50 injection liquid before the injection process, the possibil- 
ity of the optically controlled punching technique inde- 
pendent of the physical shearing force has been 
demonstrated. Furthermore, the present photosensitiz- 
ing injection is technically more advantageous than the 
55 normal microinjection based on the physical shearing 
force, in terms of damage to the cell caused by the 
injection. 
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[Example 6] Producing Membrane Destroying Member 
Using Scanning Probe of Atomic Force Microscope 

[0114] A probe side (a measuring surface) of a 
commercially available monocrystal scanning probe 
processed by means of etching (manufactured by 
Nanosensors; single-beam silicon monocrystal scan- 
ning probe; cantilever length: about 130 jim) was plated 
with gold (Au) with a thickness of 220 nm by means of 
sputtering (Shibaura Production Company; sputter 
operation pressure: 0.3 Pa; output: 100 W). Areas of the 
probe other than a measuring metal terminal and an 
equipment-connected metal terminal were insulated 
and covered by silicon dioxide of thickness 1 00 nm. This 
scanning probe was installed in an atomic force micro- 
scope (Nanoscope III; manufactured by Digital Instru- 
ments), and the equipment-side metal terminal was 
connected to a negative electrode of an electric punch- 
ing apparatus (Gene Pulser; manufactured by BIO-RAD 
laboratories). A positive electrode of the electric punch- 
ing apparatus was connected to a metal substrate (cop- 
per, platinum, or the like) on an AFM sample plate, and 
the probe, which had not had its insulation destroyed, 
that is, which was still insulated and coated by silicon 
dioxide, was brought in contact with the substrate. A 3- 
Ma resistor was connected in series between the scan- 
ning probe in contact with the substrate and the electric 
punching apparatus to prevent the probe from being 
destroyed by an excessive current after the insulation 
had been destroyed. A battery rating and voltage for the 
electric punching apparatus were set at 0.25 jaF and 50 
V, respectively and electricity was instantaneously con- 
ducted between the substrate and the scanning probe 
section. This conduction caused the insulation at the tip 
portion of the probe to be destroyed to expose a metal 
layer from the tip portion. Thus, a minute metal elec- 
trode was completed which had only the tip portion of 
the probe exposed as an electrode. 
[0115] Further, the tip portion of the probe of the 
minute metal electrode was immersed in an acid water 
solution containing 2 mM of BAT (pH 3.0). This opera- 
tion caused the BAT to be adsorbed by and fixed to the 
electrode. Finally, the electrode was washed off in dis- 
tilled water to remove an excess portion of the BAT. 
[0116] The above-described process was executed 
to produce a membrane destroying member having the 
functions of the scanning probe of the atomic force 
microscope and the electrode functions. 

Industrial Applicability 

[0117] The technique for controlling the membrane 
denatu ration reaction without using the physical shear- 
ing force has been developed to enable the membrane 
to be denatured or punched more easily than before. 
The use of the minute metal electrode facilitates the 
insertion of the electrode into the cell using the minute 
metal electrode, as is difficult in the prior art, thereby 



enabling the membrane potential in the cell to be easily 
measured. The minute metal electrodes can be inte- 
grated together, so that a nerve interface for the barrier 
free technology can be developed. 

5 

Claims 

1. An electrode comprising an insulated support, a 
conductive pattern formed on a surface of the insu- 

w lated support, an insulator formed on the conduc- 
tive pattern in such a manner that a portion on the 
conductive pattern which comes in contact with at 
least a membrane after the membrane has been 
penetrated, and a membrane denaturation reaction 

15 promoting portion formed in the portion coming in 

contact with the membrane or in a neighborhood 
thereof and having a membrane denaturing force 
other than a physical shearing force. 

20 2. The electrode according to claim 1, wherein the 
insulated support comprises a particular support 
and an insulating layer covering a surface of the 
support. 

25 3. The electrode according to claim 1 or 2, wherein a 
compound that causes the membrane denaturation .. 
reaction promoting portion to induce a membrane 
denaturation reaction is applied or fixed to the elec- 
trode. 

30 

4. The electrode according to claim 3, wherein the 
membrane denaturation reaction utilizes a chained 
peroxidization reaction of membrane components 
started by a direct or indirect generation reaction of 

35 an activated oxygen species. 

5. The electrode according to claim 3 or 4, wherein the 
membrane denaturation reaction includes a reac- 
tion induced by a particular stimulus and a reaction 

40 precursor to denature or destroy the membrane. 

6. The electrode according to claim 5, wherein the 
particular stimulus is light and the reaction precur- 
sor is a photosensitizing compound. 

45 

7. The electrode according to any one of claim 1, 2, 
and claims 3 to 6, wherein after the membrane has 
been denatured or destroyed, the electrode pene- 
trates the membrane and the penetrated mem- 

so brane comes in close contact only with part of the 
insulating portion. 

8. An electrode including a support comprising silicon 
processed by means of etching, wherein gold (Au) 

55 with a thickness of 220 nm is plated on a bottom 
surface (a measuring surface) of the support, areas 
of the electrode other than a measuring metal ter- 
minal and an equipment -connected metal terminal 
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are insulated and covered by silicon dioxide with a 
thickness of 100 nm, and S'S'-bislaminomethyl)- 
2,2 , :5'2"-terthiophene is applied to an electrode 
section. 

5 

9. The electrode according to any one of claims 1 to 8 : 
wherein the electrode is connected to a position 
controlling device, and a position where the elec- 
trode is inserted into or contacted with the mem- 
brane can be controlled. 10 

10. The electrode according to any one of claims 1 to 9, 
wherein the electrode is connected to the position 
controlling device and has a function for measuring 

a shape of a surface of the membrane or a solid. is 

11. The electrode according to any one of claims 1 to 

10, wherein the insulated support comprises a 
scanning probe of a scanning probe microscope. 

20 

12. The electrode according to any one of claims 1 to 

1 1 , wherein at least a part of the measuring metal 
terminal is covered with an insulator membrane or a 
conductor membrane. 

25 

13. An interface type minute membrane potential 
measuring apparatus comprising the electrode and 
the potential measuring device according to one or 
more of claims 1 to 12. 

30 
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Figure 2 
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1 Membrane structure 

2 Support 

3 Liquid containing membrane denaturation promoter 

4 Denatured portion of meiobrane 
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Figure 9 
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Figure 10 
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1) Execute normal microinjection to check whether Z limit has 
been appropriately set 




2 ) Change settings such that approach is made at speed at which 
insertion is difficult, and evaluate effects of 
photosensitizing on injection efficiency 
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Figure 12 
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